Mutant N282T of a thermostable b-glycosidase from GH1 family (TtbGly) presenting a high transglycosidase activity was previously obtained by directed evolution. However, it displays a self-condensation activity with the donor 2-nitrophenyl-b-D-galactopyranoside (oNPGal) which competes with the condensation reaction and entails undesirable effects. In order to prevent this reaction, we rationally modified this enzyme at the [11]/[12] subsites so that oNPGal would bind less tightly. Molecular modeling (MM) suggested the mutation A221W, which decreased the affinity of the donor at these sites and moved it away from the bound galactose at the 21 subsite. A single (A221W) and a double mutant (A221W/N282T) were constructed, and they gave rise to a drastic decrease in self-condensation. The A221W mutant had no transglycosylation activity whereas the A221W/ N282T mutant still displayed a condensation activity, comparable to that of the N282T mutant for the transfer on pNPGlcNAc. MM revealed that the double mutant A221W/N282T could induce the synthesis of a glycosidic bond between a donor and an acceptor displaying an equatorial 4-position. Moreover, it is suggested that mutation N282T could change the orientation of residue N219, leading to a stabilization of the acceptor with a new hydrogen bond. This finding opens the way to further improvements of evolved transglycosidases.
Introduction
Oligosaccharides are very frequently found at the cell surface where they play numerous roles in biological processes. Held by lipids or proteins, they interact with other cells (Varki, 1997) or pathogenic microorganisms (Krivan et al., 1988; Brassart et al., 1991; Simon et al., 1997) . For example, Lewis x antigen (Galb1-4Fuca1-3GlcNAc) binds selectins thereby mediating the inflammatory response (Beauharnois et al., 2005) . H1 antigen (Fuca1-2Galb1-3GlcNAc) and H2 antigen (Fuca1-2Galb1-4GlcNAc) constitute receptors for the Norwalk virus (Shirato et al., 2008) and Campylobacter jejuni bacterium (Ruiz-Palacios et al., 2003) , respectively. Asialo gangliosides GM2 (GalNAcb1-4Galb1-4Glc) and GM1 (Galb1-3GalNAcb1-4Galb1-4Glc) are responsible for the adhesion of the following pathogen genera: Salmonella, Pseudomonas, Streptococcus, Haemophilus and Klebsiella, and of some toxins like the heat-labile enterotoxin of Escherichia coli (Schengrund, 2003; Imberty and Varrot, 2008) . Consequently, these molecules have great therapeutic potential but this is currently hampered by the difficulty of their chemical synthesis. One of the enzymatic alternatives consists in using the catalytic properties of glycosidases. These enzymes are robust and soluble, using cheap and simple substrates. They usually catalyze the hydrolysis of glycoside bonds but can also synthesize glycosides, especially through the transglycosylation reaction for enzymes with a retaining mechanism. In such glycoside hydrolases, glycosidic bonds are cleaved via a two-step mechanism involving the formation and subsequent hydrolysis of a glycosyl intermediate (Ly and Withers, 1999) . Some of them naturally display interesting transfer properties but the oligosaccharide yields generally remain moderate.
The transglycosylation approach has been recently revisited by creating evolved glycosidases that are far more efficient than native ones. We applied directed evolution to the GH1 b-glycosidase of Thermus thermophilus (TtbGly) Feng et al., 2005) and to the a-L-fucosidase of Thermotoga maritima (Osanjo et al., 2007) . The transglycosidase activity of these glycosidases was greatly improved: with TtbGly enzyme, yields of galactose transfer increased from 8% to 60% with acceptors such as maltose or cellobiose. Evolved TmaFuc mutants gave about the same improvement for the transfer of a-L-fucose onto pNPGal (Osanjo et al., 2007) .
In this work, we first explored the ability of TtbGly enzyme to transfer the galactose moiety onto 4-nitrophenyl-2-acetamido-2-deoxy-b-D-glucopyranoside ( pNPGlcNAc) for the synthesis of GalbGlcNAc disaccharides, which are of great interest for the synthesis of numerous therapeutic oligosaccharides as indicated above. In order to improve the transglycosylation ability, we tested one of our evolved TtbGly mutants. Then, we tried to eliminate the self-condensation side products, obtained from the competing reaction which involves the condensation of the sugar donor on itself. Such reactions have a negative effect on the yield of transglycosylation product and need to be controlled for a general applicability of transglycosidase in oligosaccharide synthesis. This drawback is not usually observed with the glycosynthase strategy (Mayer et al., 2000) since a-D-glycopyranosyl fluorides used as donors are not well recognized as acceptors .
In this aim, we identified by MM one mutation (A221W) which prevents the donor oNPGal from accessing the [þ1]/ [þ2] acceptor sites within the active site. We observed that the self-condensation reaction almost completely disappeared whereas condensation remained at a similar level. This result is a further step towards the rational design of more efficient transglycosidases.
Materials and methods

Molecular modeling
All MM calculations were performed with a CFF91 force field (Dinur and Hagler, 1991) . For the enzyme, the crystal structure of the native TtbGly (NCB accession no. 1ug6) was used. The first MM stage consisted in locating the nonreducing substrate ring (galactopyranose) assumed to fill the most buried subsite [21] . The crystal structure of the covalent intermediate between the b-glucosidase of Bacillus polymyxa and a-D-glucopyranosyl fluoride (NCB accession # 1e4i) was used as a starting template. Because of the high similarity of these two enzymes at the catalytic core, the superimposition of the complex with the native TtbGly gave a good initial orientation of galactose in the modeled TtbGly complex.
For the modeling of condensation, four conformations of pNPGlcNAc were first obtained by a systematic search and then located in subsites [þ1]/[þ2]. The only conformation compatible with the catalytic context was found to be consistent with a b1-4 linkage of a galactose donor. For the sake of comparison, the same energy minimizations (5000 iterations) were performed for TtbGly wild type (WT) and the tested mutants only in the presence of acceptors ( pNPGlcNAc and oNPGal for condensation and selfcondensation, respectively). As in molecular mechanics calculations, only relative energies are relevant for comparisons; all reported energies are based on those of the WT. For the comparison of complexes involving different enzymes (WT and mutants) and different acceptors as well, the only valuable energy criterion is that of enzyme -acceptor interaction energy as already explained in previous papers (Feng et al., 2005; Osanjo et al., 2007) . It seems reasonable to postulate that this interaction energy is a good estimation of the intrinsic affinity between the enzyme and the acceptor. However, in addition to energy criteria, the location of the acceptor inside the catalytic pocket (subsites [þ1]/[þ2]) and in reference to the galactose (donor) position is a potent criterion. The latter geometry was derived from the covalent intermediate of B. polymyxa after superimposition in the catalytic environment of TtbGly. For example, the distance between the acceptor glycosidic oxygen atom and the galactose donor C1 atom clearly indicates whether the synthesis could occur for purely geometrical reasons. This additional criterion was only reported for self-condensation because, in all the condensation reactions mentioned here (WT or mutants), this criterion was satisfactorily fulfilled.
Strains, plasmids and media
Selection of ampicillin-resistant (100 mg/ml) E. coli was carried out on LB agar plates. Expression of the ttbgly gene was performed from the pBtac2 vector in the strain DH5a of E. coli. The expression plasmid containing the WT ttbgly gene (1.3 kb), under the control of the Ptac promoter and between the restriction sites EcoRI and PstI, was termed pBBGly.
Directed mutagenesis
b-Glycosidase mutants were obtained by PCR with overlapping extension. Primers D (5 0 -CAATTAATCATCGGCTCG) and F (5 0 -AATCTTCTCTCATCCGCC) flank the gene before the Ptac promoter and after the PstI restriction site. Twenty picomoles of D or F primer was mixed with 20 pmol of mutagenic primers, 10 ng of plasmid pBBGly (bearing the mutation N282T or E338G) in a 50-ml PCR. The reaction conditions were: 1Â Dynazyme buffer, 0.2 mmol/l of each dNTP, 1.5 mmol/l MgCl 2 and 2.5 U of polymerase Dynazyme Ext (Finnzymes). The sequences of mutagenic primers are the following: A221W1 (5 0 -CCTCAACTTC TGGCCGGCCTACG) and A221W2 (5 0 -CGTAGGCCGGCC AGAAGTTGAGG) for the creation of the A221W mutation. The reaction was thermocycled as follows: one cycle at 968C, 5 min, then 30 cycles at 968C, 30 s; 558C, 30 s and 728C, 5 min. Mutagenized PCR products were digested by the EcoRI and PstI restriction enzymes and cloned back into the pBTac2 vector digested by the same enzymes. The 1.3-kb DNA fragments encoding for mutant TtbGly enzymes were sequenced in both forward and reverse directions.
Purification of WT and mutant enzymes
Recombinant strains expressing the mutant ttbGly genes were grown in 400 ml of LB medium, centrifuged and resuspended in various volumes (2 or 20 ml) of phosphate buffer, 100 mmol/l pH 7, depending on the specific activity of the enzyme. After sonification and centrifugation, the supernatant was heated for 30 min at 708C to remove most thermolabile proteins then centrifuged again for 10 min at 13 000 rpm.
NMR spectroscopy
NMR spectra were recorded with either a Bruker AX400 or 500 at 508C in D 2 O. In all cases, chemical shifts in ppm were quoted from the resonance of methyl protons of sodium 3-(trimethylsilyl)-propanesulfonate as an internal reference. A complete analysis of the NMR 1 H and 13 C resonances and subsequent structure assignments were done using standard 2D sequences (COSY HH and HC correlations). Thus, the structures of the condensation product Galb1-4GlcNAc-pNP
were determined by comparison of their NMR spectra with the data already published (Usui et al., 1993; Chiffoleau-Giraud et al., 1999) . The following NMR parameters were found 
.3 (C-4'), 63.9 (C-6 0 ), 62.7 (C-6), 57.7 (C-2) and 24.9 (Me of Ac).
The kinetics of the reactions catalyzed by N282T, N282T/ A221W and WT enzymes were performed by means of 1 H NMR spectroscopy directly into the NMR tube maintained at 558C in the spectrometer. Thus, 1 H NMR spectra were recorded every hour during 10 h; 25 mM oNPGal (donor, 35 mmol) and 25 mM pNPGlcNAc (acceptor, 35 mmol) were dissolved in 637 ml of 100 mmol/l phosphate buffer in D 2 O ( pD 7.0), DMF 10% and 100 ml of the enzyme solution prepared as described above was added.
The molar percentages in Figs 1 and 4 were expressed as percentages of initial oNPGal (donor) according the equations:
where I are the integration values extracted from the 1 H NMR spectrum for one proton (generally anomeric ones); oNPgal, o-nitrophenyl-b-D-galactoside; gal: a and b-galactose; gal-glcNac, gal-b1-4glcNac-pNP; gal-gal, galb1-3gal-oNP plus galb1-6gal-oNP.
Results
Transglycosylation onto pNPGlcNAc with TtbGly WT and evolved N282T mutant
We previously created transglycosidases from a thermophilic GH1 b-glycosidase (Feng et al., 2005) by directed evolution and the best mutants (F401S and N282T) proved to be very efficient for the transfer of the galactose residue to different kinds of glycosides (oNPGal, cellobiose and maltose). However, up to now, we have not tested the aryl 2-acetamido-2-deoxy-b-D-glucopyranosides ( pNPGlcNAc) as acceptors, although they are of great interest for the synthesis of numerous oligosaccharide precursors. pNPGlcNAc was consequently used as an acceptor for the transglycosylation reaction represented in Scheme 1. This molecule can only be used as acceptor because WT enzyme has no hexosaminidase activity. Figure 1 shows the kinetics of synthesis of Galb1-4GlcNAc-pNP monitored by NMR, from an equimolar mix of oNPGal and pNPGlcNAc with WT and N282T TtbGly enzymes. With WT and N282T enzymes, self-condensation products (Galb1-3Gal-oNP and Galb1-6Gal-oNP) are kinetically favored over the condensation product Galb1-4GlcNAc-pNP, suggesting that oNPGal is a better acceptor than pNPGlcNAc. The transient maximum yields for the selfcondensation were 50% and 53% for the WT enzyme and N282T mutant, respectively, whereas the transient yields for the Galb1-4GlcNAc-pNP product were 9% and 48%, respectively. As shown previously with other acceptors, the mutation N282T clearly improved the transfer onto pNPGlcNAc. The b1-4 structure of the glycosidic bond of the condensation product was determined by NMR.
Compared with the WT, the N282T mutation is located on the second shell of amino acid residues of the active site and has no significant effect on oNPGal docking at subsites [þ1]/ [þ2] as confirmed by the enzyme/oNPGal interaction energy (increase of 1.4 kcal/mol; see Table I ). Accordingly, the selfcondensation activity is barely modified (Fig. 1) . Moreover, modeled mutant N282T can satisfactorily explain the increase in condensation efficiency. As illustrated in Fig. 2 GlcNAc] ... OD[N219] ¼ 3.10 Å ). From our calculations, the net gain in interaction energy (29.5 kcal/mol) clearly means that this supplemental hydrogen bond is not the only stabilizing factor ($3 kcal/mol per hydrogen bond) but also results from a much better global adaptation of the substrate inside the catalytic pocket, which could satisfactorily explain the increase in the condensation activity.
With the N282T mutant, the highest level of Galb1-4GlcNAc-pNP was reached when the level of Galb1-3Gal-oNP was still at 30%, which means that most of the self-condensation product was unable to behave as a galactosyl donor. Consequently, competition between selfcondensation and condensation could be responsible for the moderate yield of Galb1-4GlcNAc-pNP product. We anticipated that if we could reduce the self-condensation reaction, a better yield of oligosaccharide synthesis could be obtained. Our approach was to modify the active site in order to enhance the affinity of the [þ1]/[þ2] sites to pNPGlcNAc while preventing oNPGal from binding to the same sites.
Design of mutant with reduced self-condensation activity
Our initial aim was to modify the catalytic context, with mutations introducing new residues with aromatic side chains potentially able to stack the nitrophenyl group or sugar ring of pNPGlcNAc at subsites [þ1]/[þ2]. To do that, we first visually identified all residues with side chains pointing toward the catalytic pocket (Ca -Cb direction) and discarded aromatic residues, proline. According to these criteria, three residues were selected (A221, V287 and G311) and in silico replaced by tryptophan (residue with the largest aromatic plane). For each mutation, all rotamer positions were tested until finally only one obtained from W221 was found visually very promising in terms of stacking (figure not shown). By minimization of the A221W/pNPGlcNAc complex, the docking of the acceptor is not basically perturbed by this mutation with even a small gain of 3.5 kcal/ mol compared with the WT case (Table I) . Subsequent minimizations were performed on this A221W mutant complexed with oNPGal to analyze precisely the perturbation by this bulky group on the donor docking. As shown in Fig. 3 , this new docking solution was compared with WT. In WT enzyme, there is enough room for oNPGal in sites [þ1]/ [þ2] and its best location (as measured by the enzyme -substrate interaction energy; see Table I ) allows the selfcondensation reaction (distance [C 1 donor-O 3 acceptor] ¼ 3.1 Å ). Conversely, with the A221W mutant, a drastic steric conflict occurs between the galactose ring and the tryptophan, providing a significant displacement of the whole molecule (distance [C 1 donor-O 3 acceptor] ¼ 5.4 Å ) and a decrease in interaction energy of 5.9 kcal/mol compared with WT. This effect would mostly prevent the self-condensation reaction.
Kinetic properties of A221W mutants
The mutation A221W was thus introduced by directed mutagenesis into the ttbgly gene in the WT and N282T background. After expression in E. coli, purified mutant enzymes were tested for the hydrolysis of oNPGal and for the synthesis of Galb1-4GlcNAc-pNP in the conditions described previously. The k cat values at 408C of the different enzymes toward oNPGal hydrolysis were determined: WT, 146 + . Concerning the synthesis (Fig. 4) , surprisingly, mutant A221W lost its transglycosylation ability and catalyzed mainly hydrolysis. In contrast, the mutant N282T/A221W catalyzed the synthesis of Galb1-4GlcNAc-pNP with a significant yield (34%), whereas self-condensation occurred at a very low level (6%). In a second step, these products were kinetically hydrolyzed. In the same kind of reaction, pNPGalNac was tested as an acceptor: no condensation products were observed with the mutant N282T/A221W (data not shown). The transient yields, compiled in Fig. 5 , indicate that these results are consistent with the MM calculations. Interestingly, the individual features of inhibition of self-condensation or enhancement of condensation, attached to each mutation, are kept in the double mutant as if an addition of the properties of the mutants has occurred. The self-condensation almost disappears according to the decrease in interaction energy with oNPGal (þ8.2 and þ5.9 kcal/mol for A221W/N282T and A221W, respectively), whereas an appreciable condensation activity is maintained, which agrees with the gain in interaction energy with pNPGlcNAc (212.5 and 23.5 kcal/mol in A221W/N282T and A221W, respectively, compared with WT).
Discussion
We recently demonstrated that it was possible to convert glycosidases into transglycosidases by molecular-directed evolution (Feng et al., 2005; Osanjo et al., 2007) . Modification of the balance between the hydrolysis and transglycosylation activity of glycosidases was usually obtained with a small number of mutations (one to three), which were not in direct contact with the substrates. Accordingly, the single mutant N282T exhibits a higher transglycosidase activity than the WT enzyme on pNPGlcNAc (Fig. 1) . This mutation is located in the second shell of the active site residues, and MM calculations presented here suggested that this effect was due to a reorganization of the hydrogen bonds within the active site. This type of long-range effect that indirectly modulates the acceptor binding via a residue of the first shell (in contact with the substrate) has already been described for the a-L-fucosidase from T. maritima (Osanjo et al., 2007) .
Conversely to the pNPGlc acceptor already tested, which gave rise to a b1-3 regioisomer (Feng et al., 2005) , the N282T mutant led to the synthesis of Galb1-4GlcNAc-pNP as obtained by Mayer et al. (2000) by using the glycosynthase Abg of Agrobacterium sp. In order to explain this, we performed two calculations with an identical protocol. Preventing self-condensation of a b-transglycosidase TtbGly/pNPGlcNAc complexes were minimized with two orientations able to yield virtually either Galb1-4GlcNAc-pNP or Galb1-3GlcNAc-pNP synthesis. In each case, a unique energetically acceptable solution was found. As shown in Fig. 6 , one of the solutions is not derived from the other by a rotation of $608, according to the mean plane of the glucose ring, but by a full turnaround of this glucose ring. In so doing, the superposition of both solutions yields an equivalent direction for the N-acetyl group and primary hydroxyl groups. With the virtual Galb1-3GlcNAc-pNP docking solution, the N-acetyl group dramatically clashes with the primary hydroxyl group of the galactosyl donor bound to E338 as derived from a covalent intermediate of B. polymyxa. This clearly discards the b1-3 regioselectivity. In contrast, with the virtual Galb1-4GlcNAc-pNP docking solution, there is enough room for an induced fit between the (C6-O6) groups of the galactosyl and N-acetyl-glucosyl moieties.
The self-condensation reaction often occurs during transglycosylation with glycosidases which entails a decrease in the yield of condensation products (Spangenberg et al., 2000; Feng et al., 2005; Osanjo et al., 2007) . To overcome this drawback, some strategies have been proposed: first, Prade et al. (1998) suggested adding the donor progressively during the reaction. However, this procedure was not very convenient and unable to prevent this side effect completely. Second, the mutagenesis of the glycosidase nucleophile residue along with the use of fluoride glycosides allowed the complete elimination of self-condensation . Nevertheless, this method also presents some drawbacks: it requires the chemical synthesis of a-D-glycopyranosyl fluoride and the identification of the nucleophile residue as well as seeming less usable with a-glycosidases (Hancock et al., 2006) .
Here, we proposed an approach using readily available and relatively stable activated sugars and requiring the modification of the enzyme, which prevents the self-condensation of the donor. The mutation A221W slightly modified the position of the acceptor oNPGal at sites [þ1]/[þ2] so that it was too far from the sugar at site [þ1] to create the bond. Although this substitution did not prevent the binding of the pNPGlcNAc acceptor at the same site, the docking of pNPGlcNAc in the single mutant A221W is not really consistent with the experimental results indicating a complete loss of transglycosylation activity. However, this discrepancy is not really important because the native TtbGly has a very weak transglycosylation activity and this slight gain in interaction energy, based on our calculations, could not mean a significant increase in transglycosylation.
In agreement with the modeling prediction, the synthesis of Galb1-4GlcNAc-pNP could be achieved with the mutant N282T/A221W with a good yield and dramatically fewer self-condensation products. However, the yield was slightly lower than that obtained with the single mutant N282T, demonstrating that this additional A221W mutation did not strongly modify the balance between hydrolysis and transglycosylation. In fact, the reason seems to reside in the similar affinity for pNPGlcNAc displayed by the [þ1]/[þ2] subsites of N282T and N282T/A221W mutants (Table I) , which thus did not modify the preference of the active site for the acceptor compared with water. One way to improve the transglycosylation activity would be to improve the affinity to the [þ1]/[þ2] subsites for the acceptor either by rational engineering or by directed evolution.
We showed that pNPGalNac was not recognized as an acceptor by the double-mutant enzyme. This observation is in full agreement with the behavior of this enzyme with the acceptor oNPGal since these molecules both present a hydroxyl group in an axial position. Indeed, TtbGly A221W mutants cannot transfer the galactosyl moiety onto pNPGalNac because of the axial orientation of the C4-O4 bond which moves O4 too far away from a decent location for bond formation. Consequently, this enzyme mutant seems devoted to the synthesis of a glycosidic bond between a donor and an acceptor displaying an equatorial 4-position.
This work shows the value of a rational approach as a complementary technique to directed evolution methods to improve the properties of evolved transglycosidases. It constitutes another step in their design to eliminate the side effects of transglycosylation reactions. The immediate application will concern the purification of the condensation product Galb1-4GlcNAc-pNP which is not easy to separate from the self-condensation disaccharides Galb1-3Gal-oNP and Galb1-6Gal-oNP: although the transglycosylation power of N282T/A221W mutant is lower than that of N282T mutant, better yields of pure Galb1-4GlcNAc-pNP will be obtained when the concentration of self-condensation oligosaccharides are low. Our future work will consist in evolving A221W or N282T/A221W enzymes with our recently published method of digital screening (Kone et al., 2009) . In this way, we expect to induce more affinity for different acceptors presenting an equatorial 4-position and thereby improve the yield of condensation products.
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